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IN-SITU FORMATION OF A GRAIN BOUNDARY IN FIELD ION MICROSCOPY USING A LASER.

T. Sakurai, A. Jimbo and H. W. Pickering*
The Institute for Solid State Physics
The University of Tokyo

Minato~ku Tokyo, JAPAN

Abstract
Successful formation and real-time observation is
reported of a grain boundary within a view of a FI image
using laser beam irradiation in the presence of a high
electric field. Formation of the grain boundary in a FI

tip appears to be by solid-phase recrystallization due

to moderate local heating and extremely high mechanical = o —
Avall amd/or

. . t i Spceis
stresses caused by the electric field and laser N ) R

|
.1lrradiation. ‘ ; ;2 ;'

P S

: —

It is now well established that grain boundaries play 2sseatial roles in 3 :}“::,;

wide range of basic kinetic phenomena in polycrystalline materials}

Problems such as intergranular corrosion, segregation, recrystallization texture
and boundary migration or diffusion rates, are all intimately connected to the
nature of the atomic configurations across a grain boundary. 3Some success in
traating these phenomena has been achieved by theoretical models of Soundary

sttuctureg However, none of the models are able to describe the

properties of a monolaver or two on 2ither side of the Soundarv plane.




»

Tue study of grain boundaries is, therefore, Dest accompliisined by 2xperi-
aeatal methods wnhich provide a direct image of local atomic arrangements across
ciie boundarys Althougnh it is true that some of this information may bde
obtained bv indirect mechods, such as diffraction, there are still coasiderable
problems in interpretation, particularly of the amoiguities present in diffuse
scactering from non-periodic defects. In this context, TEM (atomic resoiution

. . 4 L .
TEM in particular) and FIM are extremely useful and the only techniques capable
of direct imaging of grain boundaries.

In spite of this fact, FIM has not found widespread wuse in the study of
grain ooundaries. One of the main reasons for this is that it is extremely
rare to find a grain boundary in cthe field of a FI imaging view whicih encom-

-10_ 2 ) - . -
passes only a small area, not more than 10 cm . All previous FIM scudies of
L . sy . " o ) 5 ., .
srain boundaries utilize cthe accidentally=found grain bouudary: The sugestioas
. .6 7 . ) . .
aade by Wolf and by Mueller have never been followed seriocusly. Recencly,
we dve conducted a feasibility ctest on Wolf's treatmenc, cthac is, appiyiay
co:id wOTK to a wire prior to etching it into a tip. Our finding was unsacis-
factory. This treatment is only sowecimes effective in producing a grain
boundary upou annealing. In this paper we report the Lirst successiul ifa-sicu

LC4ln Doundacry formation in a FIM using laser irradiation. The syscew used

-~

- K . . s . 1) . - . - . . . o
is 4 coanventional field ion microscope which is discussed in detail elsewnere,

¢ 2
A Nd='YAC luser of A = 10600 A (1 mm~ beam size, 100 mJ/10 ns pulscd iaser)
was used. A laser.beam was introduced to the chamber through a 5" 0D pyrex
3iass view-port attached to the side wall of the chamber and irradiactzd a
YL tip. A set of lenses mounted on a micrometer and neutral filters were
used to control the beam position and bezam incensity. In ghe present expueri-

L]

ment the second harmonics of 5300 A green light was used for salfezy aae
cuasy focusing. The laser power was varied in the range of O To 9.3 al..ulse.

the experimental procedure is as follows., & L tip L5 coonon ool o

« v .
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WSl 4 Ceoused=Ccycie Aellum Liquefier with the base vresoure 22 ..~ lorr.
i Llle presceace of an imaging gas {(v10 “Torr) cthe Cip voltage 13 applice  4ana
suriace bavecs ave tleld evaporated uncil a suriface becomes a smooch aemi-
spherical shape. Then, the tip voltage is lowered to produce tie best image.
Laser pulses are now applied to the tip. Using a relatively smail power { 0.1
mJ) the position of the laser beam is brought inco the cap of the tip. When
the deam position is adjusted to be right act the cap of the tip, one observes
orderly evaporation of the surface atoms, known as laser-ennanced field evapo-

9
ration. Then, the laser power is increased gradually to the desired value

while the tip voltage is decreased to maintain the surface evaporacion_ac a
aominal rate ( approximately a few layers per sec). Evaporation by che laser
in Che presence of the electric fieid appeared to be weli-coacrolled. Laser
Leradilation appears to make a tip dluat much fascer than does the ovuinary
{ieid evaporation. Thus, the tip voltage was increased gradually to keep Cthe
sticetive Uield coastant. The wmoment ac which a grain boundary {ovms can aot
usually be predicted excepc for a few cases where minute changes are Jirsc
Joserved aad the Zformation of a grain boundary follows a moment la:e%g There=-
fore, the laser irradiation was continued until gross changes were oobservad in

a FL fwage wihile gradually locreasing the tip voltage. The wiiole sequeice wus

viueu=-monlcored. Still pnotos of the FI images were also taken. waea & jrain
souducy formed, the laser ivradiation was iamediately scopped. The tin

vuiladyge was increased O remove surrace irregularities uncil 2 smooch well-

i defiined image was obtained. When damage appeared Lo de very exiunsive, a4 &ip

'
wds anfedizd in=situ by Joule-heating. This in-situ annealiny is wvery eilcetive

f Lo restore 4 well ordered surface, alchougn a tip radius inevitaoir lacrzdses.

. Jiz. Ll shows a typical example of grain boundary formation v Tals catuld.
A good FI lmage of a tungscen tip with the {110} axis was obtaiunes 2t 53.2240

E aad 234 (Cig.Llay). Tuls tip was exposed To tie laser (Lot T oo owor L
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0.4mJ/pulse). The surface layers evaporated rapidly and the tip voltage was

increased intermittently to maintain a constant evaporation rate. A grain

boundary was formed after 10 sec of laser irridation when the tip voltage was

raised to 6.80 kV. The surface showed some irregularities at the terminatiom of

wlehe,

laser irradiation. The tip voltage was increased to 8.69 kV for field

? evaporation and a FI image (Fig. 1(b)) was taken at the best image voltage f}‘»?&
. (7.877kV) in which one can observe a sharp grain boundary extending from 12 to 7 : ii
:f o'clock. The right side of the grain boundary has esseatially the same I ;_4
.. crystallographic orientation as the original material although the radius is lq.w E

larger at 570 & than the original 320 8. Fig. 1{(c) is a stereographic

. projection of the surface in Fig, 1 (b). It is evi&ent from this map that the
boundary is a twin boundary with respect to the [211] axis, which is also

;; described as = 3 with a rotation of 71° around the [110] axis. Further

evaporation of the surface layers did not change the geometrical structure of

- this surface, suggesting that the grain boundary plane is essentially parallel

. ‘:‘ :n'

to the [110] axis. Fig. 2 shows another example of in-situ grain boundary

formaton by laser irradiation. Laser irradation (1 to 10 Hz and 0.3 to 0.5

mJ/pulse) was administered for approximately 40 min to a well-defined clean W

"y
o

.

tip imaged initially at 3,73 kV (Fig. 2(a)), when a grain boundary was formed at

5.

i: the upper left corner. After terminating laser irradiation, the surface was

- field evaporated to show a clean surface, Fig, 2(b). A graian boundary runs from
2 12 o'clock to 8 o'clock. An additional 13 layers of field evaporation resulted
E; in the micrograph, Fig, 2(c), imaged at 4.602 kv. Fig. 2(d) was obtained by

= field evaporation of 60 wmore atomic lavers. The grain boundary b-d appears to
i: move toward the ceater of the tip, the (110) plame. This is due to the fact

that the boundary plane is not parallel but inclined to the tip axis. A similar

@ 3

mapping of this surface indicated that this graia boundary is likely to be =

17 with a rotation of 87°% arsund the {110] axis.
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vxitlbited minoc delects,
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of che tips (six) were damaged so extensively by

couid aot be ovtained thereafcter.

ol aDLe €O Credle a grain oounddry 1a i

» ooaids but no graln boundary to the end of the

Qur success rate of

4 oul Ot

laser

-t

103
such as screw disiocatlions,

exXperiment.

over 38 I is surprisin

clicd sw

vacdaney

Tue cest

irradiation <hac image

]

s90d and it is fair to say without reservation that a grain bouadary can be

creaced within a view of a FI image in a well-controlled fashiou.

in order to understand the mecnanism of the grain boundary formation in

I R

- U

‘L tilp, we evaluated the surface temperature rise during laser irradiation.

Tae metnod used here is based on the experimental fact that the evaporation

i,

o o - . - 1
and 1s & unique runction of Lemperacure.

ield at a Cixed evaporation rate decreases as the surface

The evaporation

Cemperature ilncreases
field was measured

Lie o wvaring Che baser power in the range 0 to 0.5 ad/nulse aud was cunvetice

o the suriace cemperature. The result is shown in Fig. 3. The suriace R
e dneredsed voughly 400 degrees during laser irrvadiatlon at the waxiauw
suwetl Lu the present experiment. The surface temperature rise wis osilimated
. . , . . Co.12 " . . .o :
Dased on tiae thermal coanduction model that the surface is radiated by a 2eat
PuLse 53 Jur the first T sec:
LT . -
K3~ = £ U<e<T
3x 0
=9 T<¢C
Tue solution Lz given uas
2L
T = T, + /xt —~ieric (x/27/xt) Jiuet
2f 250
= T, + /et —=-ieric (x/2/xt) - /x{c-1) o dericin lociess

Tae wdxloum

AT = T{(x=0, c=7) - TO
e
- .
<

Cluslels

Lettpera=-
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9 J.3 ad/pulse ane 2T = LIlSo C lor o
1, ‘o

Ay e

L oaldte Qulalaea AT = 420 C for &

i

&

2 adspuise in the case of a4 tungsten tip, In Zood agreement wWith Idc m2asured

sufiace tumperdcure increase. This rules out the possibility of iliquid Puase

reerystallization in cthe formation of a grain boundary by thls mechod%j
focwation of a grain boundary in the presenc work is, Cherefore, scemingly oy
solid phase recrystallizacion due to the presence of extramely hizgh scrass
caused by the high electric field and assisted by a laser heat pulise. In
couclusion, we nave succeeded for the first time in creating and odbserving a
arain boundary wichin a view of a FI image in-~situ using a laser puise.
is trulvy a breakthrough in theFIM study of grain boundaries and sezregation

i 1C sruin boundaries.
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- ac V. = 5.35 «V. IR
tip - 4
2 . o d
- ‘07. A grain boundary I=3 with-a rotaion of 71 around the [Lid; » 1
'y . 4
» -
b axis was created by laser irradiation. The micrograpn was
o
L taken at vci = 7.877 kV upon field evaporacioa at 3.495 xV.
P P » .
l (¢j. Stereograpnic map of micrograpn (b). - » 9
Jijure 2iay.  Amicrograpn of clean tungsten taken at V. = 3,73 kV. Lasaor :

n
b
v

irradiacion produced a zrain boundary I=17 with a rocacion of
9
37 around the [100] axis. :

{3) o wd,. Furcher Iield evaporation of :the surface lavers rasulfacd in e

4pparent movement of Tue gralll DOUNAUTY LoWila o.lu Coitio? )

the tip.
Jioure . The surface temperacure rise (A7) as o funct: o oi Lhe lasel

Jower.

»

;

»

;

| Z
o

s

)

\

)

)

'

J

A T AT S P S AL T At e Te et . - . - -
T N N S T T T e Nt e -, R e . . . -
R S S AT R P RGP ST, We e . . S DR . . - - . .
B R NS D) . DR wf - IR T . N A .
i o ISR SRy il a o at et a s et aTat. D R




]

b,

Wi




E AT TN L AT AT AR ST EAC S A ARER LR AR AR AR A SN IS S R A R
S

. N
- =

=20

s vargd q
FLE N NE

R AP I AL R
H g n b AN -
PIERVE TRt Ip gl T SIS TR IOV

T Zo%

AT S




I i

e d)

peangtg c L

Mol Sl s A e i

e o0

[~

TR

asind 1ad S/ 0

o~
O

gy rr—p— PR

300 150
(deg)

450

600

T U A Wil YRS

A S

PP IR T Tt T 4

N R
PRI







